netic field source is in this case a set of counter-rotating concentric Halbach-type magnets, which produce a highly homogeneous applied field with constant orientation. The field may be varied from 0 to 1.5 T in a continuous way. The temperature stability of the system is controlled to within ± 10 mK and the standard range for the current setup is from 230 K to 330 K. The device is under high vacuum and we show that thermal losses to the ambient are negligible in terms of the calorimetric determination of the magnetic entropy change, while the losses cannot be ignored when correcting for the actual sample temperature. We apply the device to two different types of samples; one is commercial grade Gd, i.e. a pure second-order phase transition material while the other is Gd 5 Si 2 Ge 2 , a first order magnetic phase transition material. We demonstrate the device's ability to fully capture the thermal hysteresis of the latter sample by following an appropriate thermal-and magnetic resetting scheme. The magnetic entropy change may be found indirectly by applying a Maxwell relation ∂s/∂H = µ 0 ∂M/∂T where µ 0 is the vacuum permeability. It is, however, also possible to measure ∆s(T, H) in a direct manner using calorimetry 2,3 . This is advantageous as magnetization data usually have low thermal resolution, which will result in a smearing of data when numerical differentiation is performed. Temperature control is usually also more stable in the direct measurement as opposed to in a VSM where inevitably the gas temperature has to be adjusted continuously thus leading to fluctuations. In the direct measurement equipment a relatively large thermal reservoir dampens fluctuations to a small level.
In this paper we describe an experimental setup that has been realized at the Technical University of Denmark for direct measurements of ∆s, which is applied to measure an MCM with a first order magnetic phase transition (Gd 5 Si 2 Ge 2 ) and one with a second order transition (Gd). Through appropriate thermal and magnetic resetting of the sample we demonstrate the ability of the device to probe and capture the hysteretic behavior of Gd 5 Si 2 Ge 2 . Our device resembles that of Ref.
2 with the addition that our device has a fully automated systematic resetting capability (both thermal and magnetic reset). Our magnetic field source is furthermore made of permanent magnets rather than an electromagnet and the field change from zero to max (1.5 T) field can be achieved in a continuous way. Digital MultiMeter with a 20 channel Keithley 7700 board except for the Hall-probe, which
is measured with a USB2AD DAQ module from Arepoc 4 .
The magnetic field applied to the setup is provided by a rotating Halbach cylinder permanent magnet configuration. This exact permanent magnet assembly is described in detail elsewhere 5 . The generated magnetic field is controlled by counter-rotating two concentric
Halbach cylinders with equal angular velocity magnitude. Consequently, the direction of the field in the sample chamber is constant. The two Halbach cylinders are mechanically counter-rotated by the setup shown in Figure 2A . A Powerpac stepper motor (N33HRLJ-LNK-NS-00) with a Technosoft controller (IDM240-5EI) is used for turning a pinion connected with two bevel gears of equal diameters, one fixed to the inner magnet, the other to the outer magnet. The gears and thus the magnets are supported on the outside by HEPCO bearings. The field as a function of the angle between the magnets is shown in Fig. 2B . As can clearly be seen from the figure, the field can be adjusted from 0 to 1.5 T continuously.
Normally the field is varied at 0.05 T/s. Test were done using an aluminum dummy sample to detect any eddy current induced, but within the noise of the signal nothing was observed.
4

A. Measurement of magnetic entropy change
A temperature difference, ∆T , between the top and bottom of one of the Peltier cells on the cold finger will result in a voltage signal, U , due to the Seebeck effect:
with the Seebeck coefficient, S, being specific for the Peltier cells and generally varying as a function of temperature. The heat flux corresponding to the temperature difference iṡ
with the conductance of the Peltier cell κ = 1/R. R is found as R = ∆T max /Q max = 67 K/0.6 W = 112 KW −1 . This is, however, merely stated at room temperature. Here, the differential signal is used, i.e. the difference in signal between the Peltier cell with a sample on it and the empty Peltier cell (∆U = U sample − U empty ).
For measurements of the magnetic entropy change the system is at a fixed temperature and the applied magnetic field is varied from a starting value, H 0 , to a final value, H 1 .
The response of the difference in voltage signal of the two Peltier cells (see Fig. 3A for an example) is then integrated in time, which yields:
where the mass of the sample is denoted m s . The voltage signal is integrated in time, t, from the start of the signal t 0 to the time t 1 where the voltage difference has returned to zero. The change in heat per mass is q while the total change in heat of the sample is Q.
The value ∆s(T, H 0 , H 1 ) is thus the magnetic entropy change upon the field change from H 0 to H 1 at the temperature T .
B. Calibration
In order to obtain a proper conversion from the Peltier voltage signal to a heat flux, the signals must be calibrated. One method for calibrating the system is to use a sample with a known heat capacity, e.g. pure Cu temperature rateṪ (i.e. the system is set to ramp the temperature), one obtains:
where the mass of the reference Cu sample is denoted m ref and the specific heat of the reference sample is c ref .
The calibration is plotted in Fig. 3B .
As the sample temperature is not directly measured it is necessary to estimate the temperature difference between the sample on top of the Peltier cell and the Pt-100 element below it. It is assumed that the thermal resistance of the Cu is negligible and that it is R = 112 KW −1 for the measurement Peltier cell, as found above. Furthermore, the highvacuum effectively means that the only mechanism for losses from the sample to the ambient is through radiation, i.e.Q
where α is Stefan-Boltzmann's constant, A s the radiating surface area of the sample, T amb the ambient temperature and T s the sample temperature. Here, the emissivity of the sample is assumed to be 1. In steady-state the heat loss from the sample must be matched by the temperature difference between the sample and the top of the Cu cold finger, i.e.:
Combining Eqs. 5 and 6 results in a fourth order polynomial in T s , where the roots are easily found numerically.
Since the system is not completely symmetric, the temperature difference between sample and the Cu cold finger was also found through a 3D model in Comsol multiphysics with radiation losses enabled. Figure 4 shows the difference in temperature between the sample and the cold finger as a function of the cold finger temperature for various ambient temperatures. The simple model, represented by Eqs. 5-6, is seen to adequately catch the temperature difference compared to the more detailed Comsol model within 0.2 K. It is thus straight-forward to adjust for the thermal resistance between the Pt-100 element and the sample in order to obtain the correct sample temperature.
C. Measurement uncertainties
In order to evaluate the total measurement error the following assumptions are made:
1. Uncertainties in measurement of the magnetic field and time are negligible.
where the first term on the right hand side is the relative error of the calibration term, while the second term is the relative error of the integral part.
The relative error sum for the calibration term is given by:
The standard deviation of the voltage difference (σ(∆U )) was calculated based on the steady-state voltage difference signal. Over the applicable temperature range the standard deviation of the voltage difference was found not to be a function of temperature. The standard deviation of the integral A(T, t) = ∆U dt is found through:
where the sum is over N datapoints and ∆t n is the difference in time between two adjacent datapoints. Figure 5 shows the two main relative uncertainties that comprise the uncertainty of ∆s. It is observed that the relative error in the integral part (Fig. 5A) is small compared to the calibration part (Fig. 5B) . Furthermore, it is seen that for T T C and T T C the error of the integral term increases. This behaviour is due to the fact that at T C the area of ∆U (t) peak is relatively bigger than at other temperatures. Finally, the relative error of the calibration term decreases as the temperature increases due to the increasing voltage difference with temperature. Figure 6 shows the magnetic entropy change of Gd as a function of temperature for an applied field change of 1.0 T with the associated errorbars calculated from Eq. 7.
Pecharsky and Gschneidner Jr. 7 systematically calculated the error propagation on ∆s based on c p and magnetization data. It was shown that for Gd the errors at 5 T can be between 20-30% for both methods, which is significantly higher than the 7.5 % (with a µ 0 ∆H = 1.0 T) in the equipment presented here. It is noted that this error will decrease further as the field change is increased. 
III. EXAMPLES OF ENTROPY MEASUREMENTS
A polycrystalline commercial grade Gd sample (38.9 mg, 0.9×2.3×2.9 mm 3 ) was mounted on the measurement Peltier cell and measured in the temperature range from 275 K to 315 K. At each temperature the sample was measured in 5 different applied fields, in the range from 0.18 T to 1.50 T, by applying the first field, removing it again and then applying the second field etc. For each field application, a signal similar to that in Fig. 3A is measured and integrated to give the magnetic entropy change for the current temperature and field change, using Eq. 3. The results of the measurements are shown in Fig. 7 , where they are compared to measurements done on the same sample, using a LakeShore 7407 Vibrating Sample Magnetometer (VSM) to obtain the magnetic entropy change indirectly through the Maxwell relation 8 . The same orientation of the sample in the two measurements with respect to the applied field was prohibited by the sample geometry. In order to make a proper correction for the differing demagnetizing fields in the two cases the following procedure was followed: The average internal field in the sample while measuring in the VSM, H VSM , was found as a function of temperature and applied field using the appropriate demagnetization factor (N VSM = 0.18, assuming a rectangular sample 9 ), i.e. through the direct calculation
This directly gives the average magnetization, M , of the sample as a function of temperature and internal field. In order to find the internal field in the calorimetric measurements, H ∆s , the average demagnetization factor N ∆s = 0.26 (again assuming a rectangular prism 9 ) was used in H ∆s = H app,∆s − N ∆s M , which is solved iteratively using M from the VSM measurements. For each applied field in the calorimeter the internal field in the sample is thus found as a function of temperature. Finally, this field is used to interpolate in the calculated entropy change data from the VSM measurements.
The magnetic entropy change is given as a function of temperature for various applied fields (in the calorimeter) while the VSM data has been interpolated as described above so that the two sets of measurements have the same internal field in each data point. The direct method for measuring the entropy change agrees quite well with the results from the indirect conventional approach, although with a slight tendency for the direct measurements to produce a sharper peak. This may in part be explained from the fact that the VSM-based entropy change data is calculated through the temperature-derivative of the magnetization, which in turn will tend to round the peak slightly. Still, both results are inside each others uncertainties.
A. Thermal resetting and hysteresis measurements
Both thermal and magnetic hysteresis are present to some degree in MCMs with a first order transition. In order to measure this accurately it is crucial to be able to accurately control the state and history of the sample. One way to do this is to reset the sample between each measurement. This means that after temperature equilibration and subsequent magnetization the sample is cooled or heated to a temperature outside the hysteresis region.
The excellent temperature and magnetic field control offered by the experimental setup described here enables hysteresis measurements to be done in an automated, efficient and accurate way. Specifically it is important to note that the instrument does not overshoot when changing the temperature or field. Such overshooting is quite common in measurement devices, such as VSMs, and will make the characterisation and interpretation of hysteresis difficult. The average thermal equilibrium time for stabilizing at a given temperature is approximately four minutes.
The experiment can be set to automatically do a thermal reset by going sufficiently above or below T C between each measurement. If the sample is not reset it may enter a meta-stable state 10 . A polycrystalline bulk sample of the well known and highly hysteretic magnetocaloric material Gd 5 Si 2 Ge 2 , with T C around 272 K, provided by Ames Laboratory, was measured in five different protocols applied to each temperature point:
1. No reset and field change from 0 to 1.5 T (called "Non-equilibrium" in Fig. 8 ) The non-equilibrium, ferromagnetic low to high field and paramagnetic high to low field data align fairly well, while the ferromagnetic high to low field and paramagnetic low to high field are significantly different. This is expected due to the hysteresis of the sample (see, e.g., Ref. 11 for details). Figure 8B conceptually shows how the different curves appear.
Once a magnetization has been done the sample is considered in a non-equilibrium state and in order to accurately predict the outcome of successive magnetizations / demagnetizations without a thermal reset, modeling is needed 11 . It is debatable whether the first measurement after a given resetting procedure results in the magnetic entropy change only. As we have shown, subsequent (de-)magnetizations result in self-consistent data. However, the external driving mechanism for the experiment is a change in applied magnetic field and from that perspective the resulting measurement is the magnetic entropy change.
IV. CONCLUSION
A custom device for direct measurement of the magnetic entropy change was presented and examples of measurements of two different types of samples were shown. The measurements agree well with data obtained through conventional magnetization measurements.
Also, the thermal hysteresis in materials with a first order transition can be full characterized due to the feature of thermal resetting available in the device. The high accuracy with which the temperature and applied field can be controlled and the fact that losses to the ambient are virtually negligible (in terms of the calorimetry; they have to be taken into account when determining the sample temperature) enables high resolution and accuracy measurements.
